We study the extended colored Zee-Babu model introducing a vector-like quark and singlet scalar. The active neutrino mass matrix and muon anomalous magnetic moment are analyzed, which can be fitted to experimental data satisfying the constraints from flavor changing neutral current. Then we discuss signature of our model via vector-like quark production. In addition, the diphoton excess can be explained with the contribution from vector-like quark.
I. INTRODUCTION
Radiative seesaw models are one of the interesting possibilities not only to generate active neutrino masses but also to explain some phenomenological viewpoints such as muon anomalous magnetic moment ((g − 2) µ ) and dark matter candidate 1 , which are not still uncovered yet. Furthermore, these particles can be correlated with each other. Thus a vast literature has recently arisen along this idea . In many cases, neutrino mass is generated via loop diagram associated with colorless particles. However colored particles also can propagate inside a loop diagram in neutrino mass generation, which would provide other phenomenologically interesting effects.
The excess of events in diphoton channel is announced by both ATLAS and CMS Collaborations where the invariant mass of diphoton is m γγ ≃ 750 GeV [132, 133] . The production cross sections at √ s = 13 TeV are then indicated to explain the excess for narrow width case such that: where R stands for the diphoton resonance. The best fit value of the width of R is ∼ 45 GeV by the ATLAS while narrow width is preferred by the CMS. A candidate of R is spin-0 or 2 particle and we consider a scalar particle φ with 750 GeV mass in this paper. The earlier works to interpret the excess can be referred to e.g. [109] [110] [111] .
In this paper we extend the colored Zee-Babu model proposed in Ref. [47] by including isosinglet vector-like quark and SM singlet scalar field to explain (g − 2) µ and the diphoton excess. The active neutrino matrix and (g − 2) µ are induced at two-loop and one-loop level.
We then analyze them taking into account the constraints from flavor changing neutral current (FCNC). In addition, implications to collider physics are discussed where we focus on signature of newly introduced vector-like quark and explanation of the diphoton excess.
This paper is organized as follows. In Sec. II, we show our model, including neutrino sector, (g − 2) µ and constrains from FCNC. In Sec. III, we discuss some implications of our model to collider physics including explanation of the diphoton excess. We conclude and discuss in Sec. IV.
1 In this paper, dark matter candidates are not included in.
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where the lower index i(= 1 − 3) represents the number of flavors. 
II. MODEL SETUP AND ANALYSIS
In this section, we devote to review our model. Our field contents and their charge assignments are the same as the original colored Zee-Babu model proposed by Kohda, Sugiyama, and Tsumura group in ref. [47] except for the vector-like quark Q ′ with SU(2) L singlet and a gauge singlet boson ϕ. We show all the field contents and their charge assignments in Table I for the fermion sector and Table II for the boson sector. Here ϕ is expected to be a source of the 750 GeV boson for explaining the diphoton excess. The main motivation to introduce Q ′ is to explain the sizable (g − 2) µ , and obtain the sizable enhancement of the diphoton excess.
2 Under these framework, the renormalizably relevant Lagrangian is given
where σ 2 is the second component of the Pauli matrix, and the second line is the new terms.
Since potential associated with leptoquark and diquark is trivial, we abbreviate the explicit expression; see the original paper [47] in details. Here we show the potential for Φ and ϕ which determines the VEVs of them:
+ (terms containing leptoquark and diquark).
(II.
2)
The Higgs doublet Φ and singlet ϕ are written by
where G + and G 0 are the Goldstone bosons,h is the SM-like Higgs field, and
is the VEVs of Φ (ϕ). Then, applying the minimal conditions ∂V (v, v φ )/∂v = 0 and ∂V (v, v ϕ )/∂v ϕ = 0, we obtain the stable VEVs such that:
In our analysis, we assume v ϕ << v, m ϕ so that the VEVs are approximated to v ≃ −µ 2 /λ
GeV, we can suppress mixing between SM Higgs and the singlet scalar to be consistent with experimental data regarding SM Higgs [160, 161] . In the following analysis, we ignore the mixing effect.
A. Neutrino sector
The neutrino mass matrix is induced at the two-loop level as can be seen in the original paper [47] , and its formula is given by
(II.5)
where µ comes from the term of S * LQ S * LQ S DQ , r ≡ (m DQ /m LQ ) 2 , and we have assumed that the down quark masses in the loop are negligible compared to the masses of lepto-quark and di-quark bosons. Notice here that F 1 (r) is solved only through the numerical way, even though an approximated analytical formula is known in the limit of r << 1 or r >> 1 [18] .
Neutrino oscillation data is given by diagonalize M ab as follows:
where V M N S is the Maki-Nakagawa-Sakata mixing matrix of the neutrino. As experimental values, we adopt the best fit values with the global analysis in ref. [162] ;
where we assume one of three neutrino masses is zero with normal ordering for simplicity in the numerical analysis below.
B. Flavor Changing Neutral Currents Lepton Flavor Violations
Before discussing the Flavor Changing Neutral Currents (FCNCs) and the lepton flavor violations (LFVs), we specify the textures of y L and y S to evade some FCNC processes. In this paper, we adopt the following textures:
where y S is a symmetric matrix. Then the neutrino mass formula can be simplified as follows:
(II.11)
From Eq.(II.10), one finds that (y S ) 23 is identically zero.
Here we discuss the Flavor Changing Neutral Currents (FCNCs) and the lepton flavor violations (LFVs), where we focus on terms related to the neutrino masses, that is, y L and y S . Under these above textures, e.g., the constraint on K 0 −K 0 mixing and
Thus the bound on LFVs comes from the µ − e conversion and ℓ i → ℓ j γ process, and The bounds on FCNCs come from K + → π + νν and D + → π + µ + ν − decays and the Q−Q mixing,
s . These are respectively constrained by the following combinations [163] ,
9.4 × 10 −6 , (II.14)
s mixing :
where C i ≈ (1, 1/5) for (µ, τ ). To numerical analysis, we will impose these above constraints.
First of all, the original paper suggests that the term through y L cannot induce the sizable (g − 2) µ , assuming y R to be zero. However we find that y R cannot contribute to (g − 2) µ even the case of y R = 0 because of an accidental electric charge cancellation in the limit of massless mediating up-type quarks:
Thus we rely on the new source as a new term Y , and its form is given by Also we have to consider the lepton flavor processes through this term. Here we impose the constraints of ℓ i → ℓ j γ, and its branching ratio (BR) is given by
where α em is the fine structure constant, and G F is the Fermi constant. Experimental bound for BR(ℓ i → ℓ j γ) is the same as the one in Eq. (II.14).
D. Result of numerical analysis
Applying the formulas in previous subsections, we numerically search for parameter region which can explain neutrino mass and (g − 2) µ satisfying all the flavor constraints. In our numerical analysis, we have found the following allowed regions to satisfy all the constraints in Eqs. (II.12-II. 16 ) and obtain the sizable (g − 2) µ (∼ O(10 −9 )):
where three components of y S (≤ √ 4π) can directly be solved by applying the experimental values of the neutrino oscillations data with the best fit values in Eq. (II.9).
III. IMPLICATIONS TO COLLIDER PHYSICS
In this section, we explore the implications of our model to collider physics. In our analysis, we focus on the signature of Q ′ production and the explanation of the diphoton excess.
A. Collider searches of Q ′
Here we discuss the production of Q ′ at the collider, since Q ′ has an interesting decay mode; Q ′ → (ℓ) + S LQ → ℓ + u i through the Yukawa interactions associated with Y i and y L(R) . Since we have some freedom to chose y R while satisfying neutrino mass and flavor violating constraints, we here assume BR for S LQ → ℓu i are universal for ℓ = e, µ and is expected to be dominant to obtain sizable (g − 2) µ while avoiding the LFV constraints.
Thus Q ′ dominantly decays into leptoquark and muon. The Q ′ pair is produced via QCD process. We estimate the production cross section by use of CalcHEP [164] implementing relevant interactions and applying CTEQ6L PDF [165] in the estimation. In Fig. 1 we show the production at the LHC 13 TeV as a function of Q ′ mass m Q ′ .
We then carry out simple simulation at the parton level with the event generator MADGRAPH/MADEVENT 5 [166] , where the necessary Feynman rules and relevant parameters of the model are implemented by use of FeynRules 2.0 [167] and the NNPDF23LO1 PDF [168] is adopted. As a signal, we generate the events for the process
Thus our signal includes four leptons and two jets; 4ℓ + 2j. We then select the events as 4-leptons and jet(s) where number of jet is required to be n j ≥ 1. For the SM backgrounds, we consider SM processes producing ZZj, ZZjj, ttZ and ZZW ± which can provide the 4-leptons plus jet(s) final states if Z and W ± decay into leptons and jets respectively. In generating the events, the following basic cuts are adopted:
where p T and η are transverse momentum and pseudo rapidity respectively. In addition, we apply selecting cuts of
where ℓ leading (j leading ) are leading lepton(jet) and second line is for vetoing the region of m Z ± 10 for the invariant mass M ℓ + ℓ − . Then we estimate the significance for the signal by
where N S and N B are the number of signal and background events respectively. In table III, we show the number of events with basic cuts and after the cuts in Eq. (III.3) for signal with m Q ′ = 1.5 TeV and SM backgrounds using luminosity of 100 fb −1 . We find that vetoing condition for M ℓ + ℓ − highly suppress the SM backgrounds and the large significance can be achieved. The luminosity required to obtain S = 5(2) is also shown in Fig. 2 as a function of m Q ′ . We see that the the significance of 5(2) can be reached for Q ′ mass m Q ′ 1.9(2.1) TeV could be tested at the LHC 13 TeV with the integrated luminosity of 100 fb −1 . In addition, the signature of Q ′ can be seen as a bump in the distribution of invariant mass for two same sign lepton plus jets. Note that taking into account detector efficiency the significance will be smaller, but our result is still reasonable estimation.
B. Diphoton excess
In this section we discuss the diphoton excess recently reported by ATLAS and CMS at LHC within our model. Here ϕ is identified as the source of 750 GeV, and diphoton processes are through leptoquark boson S LQ , diquark boson S DQ , and Q ′ fermion mediating. Then we focus on the trilinear couplings of S LQ (S DQ ) and the Yukawa coupling of Q ′ associated with φ which are given by
where these interactions contribute to gluon fusion and diphoton decay processes of φ via S LQ , S DQ and Q ′ loops. The loop induced effective coupling for ggφ can be written as
where τ X = 4m 
The diphoton decay S → γγ is dominantly induced by charged leptoquark, diquark and vector-like quark loops where the partial decay width is given by
where color factor N c = 6 and 3 are used for diquark and leptoquark respectively. We also obtain the partial decay width for S → gg from effective interaction in Eq. (III.5);
The total decay width is dominantly obtained from φ → gg mode assuming λ Hϕ << 1 to suppress branching fraction for φ → hh.
In the narrow width approximation, the cross section for the process gg → φ → γγ can be expressed as [144] 
where C gg is related to the gluon luminosity function, s is the center of energy and BR(φ → γγ) is the branching fraction of φ → γγ decay. For √ s = 13 TeV, we adopt C gg ≃ 2137.
In addition, we use the K-factor for gluon fusion production process as K gg ≃ 1.5 [144] . To explain the diphoton excess, the required cross section is 2.7 fb ≤ σ(gg → φ → γγ) ≤ 7.0 fb, (III.12) taking into account 1σ error of ATLAS and CMS results in Eq. (I.1). In Fig. 3 , we show the parameter region which provide the cross section Eq. (III.12) in µ-y Q ′ and m LQ(DQ) -m Q ′ planes where we take µ ≡ µ LQ = µ DQ and fixed some parameters as indicated in the plots.
We find that O(1)TeV trilinear coupling and O(1) Yukawa coupling y Q ′ can explain the diphoton excess.
IV. CONCLUSIONS AND DISCUSSIONS
In this paper we have discussed extended colored Zee-Babu model in which isosinglet vector-like quark and singlet scalar are included to accommodate (g − 2) µ and the 750
GeV diphoton excess indicated by ATLAS and CMS experiments. Then active neutrino mass matrix and (g − 2) µ are analyzed, which are induced at two loop and one loop level respectively. We also took into account the flavor changing neutral current to check the consistency with experimental constraints. Our analysis have shown that neutrino mass matrix and (g − 2) µ can be fitted with experimental data satisfying the constraints.
We also explored implications of our model to collider physics focusing on vector-like quark signature and the diphoton excess. The vector-like quarks are produced via QCD process and decays into lepton and leptoquark which decays into lepton and jet. Thus the signal of vector-like quark pair production is four-leptons plus jets. We then estimated the production cross section and carried out simple simulation study including SM background. 
